Rutile single crystals with high quality and high transparency were grown successfully by tilting-mirror-type floating zone (TMFZ) technique. The grown crystals were characterized by polarized optical microscopy, X-ray diffractometer, UV-visible spectrophotometer and etch pits density measurement. The effect of applied pressure during growth on the optical properties and defect density of the rutile crystals were investigated. It was found that the rutile crystals grown under the high oxygen pressure are bright and transparent due to the lower concentration of defects, but rutile crystals grown at ambient or lower oxygen pressure exhibit deep blue color due to presence of defects such as dislocations and grain boundaries. The crystals grown under high oxygen pressure contains no low-angle grain boundaries, indicating that it can be used for high efficiency optical devices.
Introduction
Rutile (TiO 2 ) is a versatile material with technological applications as photocatalist, photovoltaic material, optical coating and structural ceramic. It has excellent optical, mechanical and chemical properties, and the demand for rutile single crystals has therefore been increasing to use as polarizer in a variety of optical devices because of their large refractive indices and birefringence [1] . It is of urgent necessity to grow rutile single crystals of high optical quality. The floating zone (FZ) method is one of the most promising techniques, which replace the Vemeuil method, to grow rutile single crystals. Rutile single crystals were conventionally manufactured by the Verneuil method for gemstones [2] . However, the quality of Verneuil-grown crystals is usually poor, since the crystals undergo quenching, which induces stress birefringence [3] . At present, commercially available rutile single crystals grown by the Verneuil method, are generally not good enough to use in optical devices because of their dislocation density due to presence of Magnel phases (TiO 2-δ ) i.e. oxygen deficient phases. The optical quality of the FZ-grown crystals was superior to that of commercially available Verneuil-grown rutile crystals [4, 5] . Therefore, demands for the optical communication devices have stimulated the application of a floating zone method for the growth of rutile single crystals although conventional-FZ grown rutile crystals are not completely free of defects [5] .
Floating zone (FZ) method is a powerful technique for growth of single crystals without contaminations because it is a crucible free zone melting method whereas in the conventional FZ method some defects occur for shape of the molten zone. The shapes of both the melt-feed and the melt-crystal interfaces are convex in the FZ method. The defects are generally caused by the low thermal conductivity on the convex solid-liquid (crystal-melt) interface during the growth of rutile crystals [6] . It has been reported that interface shape affects the density of defects in crystals such as etch pits [7] . An extremely convex interface creates thermal stress that causes defects [8] . Kinoshita et. al. showed that the low-angle grain boundaries are markedly reduced when the solid-liquid interface is almost flat during crystal growth [9] . A slightly convex interface towards melt is better for improving the quality of crystals [10] . Recently, we reported that the interface shape can be controlled by tilting the mirror in the tilting-mirror-type floating zone (TMFZ) method as shown in Fig.1 [11] . It was revealed that the quality of the TMFZ-grown crystals increases with increase of tilting angle [12] and growth diameter [13] . However, the defects due to oxygen deficiency still occur in the TMFZ grown crystals.
In this study, we try to grow high quality rutile single crystal by TMFZ method for optical device applications. The TMFZ method is an outstanding way of growing highly pure single crystals especially for oxides. The rutile single crystals were grown under pressure by this method. It was considered that the effects of high oxygen pressure on the growth of single crystals could deteriorate the oxygen coming out of the molten zone and compensate for the vacancy sites physically. Therefore, the high quality rutile single crystals would be obtained.
Experimental
A new tilting-mirror-type image furnace (Crystal Systems Corporation; model TLFZ-4000-H -VPO) was developed for our growth experiment. The tilting angle (θ), as shown in Fig. 1 , can be changed to up to 30° by a motor drive control. High-purity rutile powder (> 99.99%) was put into rubber tubes to form a rod shape and pressed at a pressure of up to 3.0×10 8 Pa using a cold isostatic pressing machine (Nikkiso Co., Ltd.: model CL3-22-60). The rods were sintered at 1600°C for 12 h in an oxygen flow. The sintered rods were zone-passed in a CO 2 flow at a growth rate of 25 mm/h using a standard type four mirrortype-image furnace (Crystal Systems Corporation: model FZ-4000H). The zone-passed feed rods were typically 10 -12 mm in diameter and 80 -100 mm in length.
The applied conditions for every growth experiment were a growth rate of 5 mm/h, a feeding rate of 5 mm/h, upper shaft rotation of 3 rpm, lower shaft rotation of 50 rpm, a growth direction of <001> using a rutile seed crystal. The crystals were grown with oxygen pressures of 1, 3, 5, and 8 atm. The tilting angle, θ was 20°. It was reported that this tilting condition was best for growth of good quality large diameter single crystals with most stabilized molten zone. The grown crystal was checked as single crystal by Laue technique using Rigaku X-ray diffractmeter. The grown crystals were cut perpendicular to the growth direction in the range 23 -25 mm from the seeding point. Then the crystals were cut parallel to (110) and the surface was polished like mirror. The polished surfaces were observed by optical microscope (Olympus U-MSSPG Japan) to investigate the phase purity and optical quality. The polished samples were soaked in a mixture of (NH4) 2 SO 4 and H 2 SO 4 solutions (1:1 weight ratio) for 3 h at 300°C to etch their surfaces. The polished samples of ~ 1.5 mm in thickness were characterized by UVVisible spectrometer (JASCO: V-660). 
Results and Discussions

Bulk properties of rutile
After flushing inside a quartz tube with flowing oxygen, oxygen pressures of 1, 3, 5 and 8 atm were applied and then the crystal was grown. The as-grown single crystals were very different from each other when they were observed by the naked eye for coloring indication as shown in Fig. 2 (a-e) . The rutile crystal grown in an atmospheric pressure by conventional FZ method is dark blue while for TMFZ method it is light blue. However, the rutile crystals grown under high oxygen pressure by TMFZ method exhibit a transparent amber color as shown in Fig. 2 (c-e) . Each grown crystals were equally dark or bright from shoulder to tail part. The observations describe the color of crystals as a function of oxygen pressure applied on the molten zone during growth. The annealed rutile crystal being more transparent reduced the amount of oxygen vacancy, and delocalized its original color [14] . However, the annealed sample is not good for optical applications because of the low angle grain boundary resulting from polygonalized dislocations [6] . The Laue photograph of the grown crystal was taken to confirm as single crystal as shown in Fig. 3 . The X-ray diffraction Laue analysis of the grown crystals confirmed that they were single crystals and their growth directions were the [001] direction perpendicular to the c-axis. This analysis also stated that the grown crystals structure was tetragonal. The grown crystals sliced at 22 -25 mm from the seeding point along perpendicular to the growth direction. The wafers were mechanically polished like mirror using diamond paste. The polished wafers were investigated by polarized optical microscope. Fig. 4 (a-e) shows micrograph of the cross-section of crystals grown by conventional FZ at an atmospheric pressure and by TMFZ at 1, 3, 5 and 8 atmospheric pressure. The conventional FZ crystals contain some low-angle grain boundaries. The TMFZ crystals grown at 1 atm contains a little low-angle boundaries but some segregated phases observed in this crystal as shown in Fig. 4(b) . Fig. 4 (c-e) reveal that the crystals grown by TMFZ method at 3 -8 atm pressure did not contain any low-angle grain boundaries where low-angle grain boundaries are known as the critical defects in optical applications. The mirror-tilting effects in the TMFZ method as well as pressure effect during growth improve the quality of the rutile crystals for high efficiency optical applications. 
Defect analysis
In the FZ method, the quality of the grown crystal markedly affected by the crystal-melt interface. Kitamura et al. found that line defects propagate to the edge of a crystal if the crystal-melt interface is more convex toward the melt [7] . Chiang et al. showed that showed that a slightly convex interface towards the melt is better for growth of high quality single crystals [10] . In our recent study, it was found that the crystal-melt interface shape during FZ growth can be controlled by tilting the mirror in TMFZ method to improve the crystal quality [12] . In this study, we further improve the quality of the crystals by applying the pressure on the molten zone during growth by TMFZ method. To investigate the inside of quality of grown crystals, we analysis the defects measuring etch pits density (EPD) because Hirthe et al. showed that the etch pit corresponds to dislocations [15] and Kinoshita et al. showed that etch pits arise in the presence of lowangle grain boundaries [9] . Fig. 5 (a-e) shows optical microphotographs of the samples on (110) surface after chemical etching. The observed etch pits are clearly more in the crystal grown by conventional FZ method compared with that in the crystal grown by TMFZ method as shown in Fig. 5 (b-e) . In case of TMFZ crystals, the number of pits decreased with increasing oxygen pressure during growth. The etch pit densities (EPDs) determined in the rutile crystals grown by conventional FZ method at an atmospheric pressure are 1.393×10 4 cm -2 at the center and 4.7×10 4 at the periphery (4 mm from center). The estimated EPDs of the rutile crystals grown by the TMFZ (θ = 20°) method at an atmospheric pressure are 3.47×10 3 cm -2 at center and 9.25×10 3 cm -2 at periphery. So EPD was reduced by around 4 times at center and 5 times at periphery with TMFZ growth. The EPDs also reduced for pressure effects in the TMFZ growth. Fig. 6 (a-e) shows the EPDs on (110) as functions of the radius position (X) of the crystals grown at various oxygen pressures by TMFZ method. For all oxygen pressures, the EPDs are higher at the periphery than at the center. The EPDs decreased significantly for applied pressure both at center and periphery of the crystal grown by TMFZ method. As the etch pits are associated with dislocations and grain boundaries, the quality of the rutile crystals can be improved by tilting the mirror in TMFZ method as well as by applying oxygen pressure during growth. These results reveal that TMFZ is a powerful method for growth of high quality single crystals for optical device applications. 
Optical properties of rutile
Rutile single crystal is the most important material for optical device applications such as polarizer, isolator, refractor etc that requires the high quality crystals with high transmittance. Hence the transmittance was also measured as a further criterion for optical applications. The transmittance data of the disc like samples with 1.5 mm in thickness is shown in Fig. 7 . The transmittance of the rutile crystals grown by conventional FZ method under 1 atm pressure is 18.5% while that in case of TMFZ is 32.5%.
The transmittance increased for the pressure effect in the TMFZ grown rutile TiO 2 . Rutile crystals grown under high oxygen pressure exhibited more than 43% of the transmittance in the wavelength range longer than 400 nm. This result is consistent with the color change of grown crystals as shown in Figs. 2. This change corresponds to the change of oxygen deficiencies. The high oxygen pressure on the molten zone during growth suppressed the oxygen vacancy. The band edge is 420 nm for all samples, which is independent of the pressure effect. The transmission peak of the rutile crystal grown by conventional FZ is at 460 nm while that of rutile crystal grown by TMFZ method under one atm is at 472 nm. The transmission peak of rutile crystals grown under 3 atm, 5atm and 8 atm are at 483 nm, 484 nm and 581 nm respectively. The transmission peak of the rutile crystals shifted significantly towards higher wavelength region for pressure effect during growth. There is a sharp transmission peak at 710 nm and a sharp absorption peak at 856 nm in the TMFZ grown rutile crystals grown under 8 atm pressure. These are the chrematistic peaks of the rutile crystals for optical device applications. 
Conclusions
High quality rutile single crystals, free from defects were successfully grown by infrared heating tilting-mirror-type floating zone (TMFZ) method. The rutile single crystals grown at 1 atm pressure by the conventional floating zone method are observed as dark blue colour where that crystals grown by the TMFZ method observed as light blue colour. The brightness of the grown crystals increases with increase of atmospheric pressure during growth by TMFZ method. It was observed that the colour was changed due to elimination of defects such as low-angle grain boundaries, oxygen vacancies and dislocation densities. The transmittance of the rutile crystals grown at 1 atm pressure by conventional FZ method is 18.5% whereas that of the TMFZ grown rutile crystal is 32.5%. The transmittance of the TMFZ grown rutile crystal also found to be increases with increase of pressure during growth. The rutile single crystals of high transparency are the best for optical device applications.
